Identifying spatial and temporal patterns can reveal the driving factors that govern the behavior of fish in their environment. In this study, we characterized the spatial and temporal occupation of 37 acoustically tagged bigeye scads (Selar Crumenophthalmus) in an array of shallow Fish Aggregating Devices (FADs) to clarify the mechanism that leads fish to associate with FADs. A comparison of the number of visits and residence times exhibited by the fish at different FADs revealed a strong variability over the array of FADS, with the emergence of a leading FAD, which recorded the majority of visits and retained the fish for a longer period of time. We found diel variability in the residence times, with fish associated at daytime and exploring the array of FADs at nighttime. We demonstrated that this diel temporal pattern was amplified in the leading FAD. We identified a 24-hour periodicity for a subset of individuals aggregated to the leading FAD, thus suggesting that those fish were able to find this FAD after night excursions. The modeling of fish movements based on a Monte Carlo sampling of inter-FAD transitions revealed that the observed spatial heterogeneity in the number of visits could not be explained through simple arrayconnectivity arguments. Similarly, we demonstrated that the high residence times recorded at the leading FAD were not due to the spatial arrangement of individual fish having different associative characters. We discussed the relationships between these patterns of association with the FADs, the exploration of the FAD array and the possible effects of social interactions and environmental factors.
Introduction
Pelagic fish species naturally aggregate around floating objects, and fishermen have been constructing and deploying Fish Aggregating Devices (FADs) for decades to attract and catch the fish (Gooding and Magnuson 1967 , Fréon and Misund 1999 , Dempster and Taquet 2004 . Due to the great importance of FADs in tuna fisheries, most of the studies devoted to the relationship between fish and FADs have focused on tuna (Dempster and Taquet 2004) . However, tuna are not the only FAD-associated species (Hunter and Mitchell. 1968, Deudero et al. 1999; Taquet et al. 2007a) ; several aggregations are multispecific and include the presence of small pelagic fish (Rountree 1990, Fréon and Misund 1999) . This multispecificity indicates that the association mechanism could be a universal feature and thus trackable throughout different case studies. The bigeye scad (Selar Crumenophthalmus) is one of the main small pelagic fish known to associate with FADs (Taquet et al. 2007a) . In recent years, the reported average yearly catch of this species worldwide amounts to 150,000 t (FAO 2010) . The catches are usually performed by small-scale fisheries (Potier and Sadhotomo 1995) ; despite their relatively low catches, these fisheries can be economically important at a local scale, especially for food security.
Previous studies on the behavior of bigeye scads around FADs revealed that FADs increase the encounter rate of bigeye scads and enhance their schooling behavior (Soria et al. 2009 ), thus validating the "meeting point hypothesis" (sensus Dagorn 2000) . Recent analyses based on high-precision acoustic tagging data which quantifies the dynamics of aggregations of bigeye scads around a FAD (Capello et al 2011) has reinforced the idea that social interactions could play a crucial role in the association between bigeye scads and FADs. At the scale of a whole array of FADs, these interactions could induce the concentration of the associated biomass in a subregion of the array. However, no study has yet investigated if the fish, at least for a given period and for a given array, select a particular (or a subset of) FAD(s) or if they rather occupy a FAD array homogeneously. In this paper, we analyzed the behavior of 37 acoustically tagged bigeye scads in an array of shallow coastal FADs, each equipped with acoustic receivers (listening stations). We assessed the amount of time that the fish spent around each FAD and characterized their movements over the whole array to gain knowledge of the association process, with a particular emphasis paid to the emergence of spatial and temporal patterns.
Material and methods

Study Site and Stationary acoustic array
The study was conducted at Saint Paul's Bay, which is located on the northwest coast of La Réunion Island, South Western Indian Ocean. Fifteen different artificial structures (anchored buoys, fishing anchored FADs or wrecks) were present in the bay and anchored at 15 to 50 m depth. A detailed description of the designs of these structures and their location within the bay can be found in Soria et al. (2009) and in Fig. 1 .
To monitor the residence times and the movements of fish in this array, we used coded acoustic tags and receivers (VR2s) (Vemco, Halifax, Canada). We instrumented each structure or group of packed structures in the bay with an acoustic receiver. Based upon an in-situ range test, we determined that the distance of 150 m was the maximum range of reliability for the acoustic receivers (details in Soria et al. 2009 ). The distances between some of the artificial structures, particularly those in the central area, were sometimes very short and less than the maximum detection range of a Vemco V7 tag by a VR2 (150 m). Consequently, to limit the overlapping of the VR2's detection areas, we decided to deploy one regrouped receiver near the structures (Fig. 1 , VR2/FAD G and H; details in Soria et al. 2009) . A total of 9 VR2 were deployed in the bay, covering all of the artificial structures. For clarity, these 9 instrumented structures will hereafter be referred to as FADs. The distance between the adjacent instrumented FADs ranged from 310 to 1140 m.
Experimental protocol
In May 2006, 105 bigeye scads were captured around the sea fish farm using hand lines.
A total of 87 fish were then conveyed to the Aquarium of La Réunion Island and housed in three holding tanks; 18 fish were not large enough to be tagged and were immediately released. After 11 days of acclimation, 46 fish (mean fish size ± SD = 18 ± 1.2 cm (fork length) and mean weight = 102 ± 22 g) were anesthetized and tagged with coded Vemco V7 transmitters (V7-2L-R04K, 69 kHz, random rate of transmission every 70-140 s, rated battery life 130-150 days, length 18.5 mm, diameter 7 mm, mass in water 0.75 g).
Details of the fishing, holding conditions, surgical operation and release protocol were detailed in Soria et al. 2009. Because the bigeye scad is an obligate schooling fish species (Soria et al. 2007 ), we released the 46 tagged fish with 34 non-tagged conspecific fish so they could immediately form small schools. The fish were transported to the site and, on June 8, 2006, they were gently released in roughly equal numbers at 3 different points (Fig. 1) .
The acoustic receiver array was operational during the entire 4-month experimental period. Among the 46 tagged fish, 9 were removed from the analysis as they were never detected or only detected at FADs during the first hours after release. We finally worked on a total of 37 tagged fish. Detections were recorded by all of the VR2s in the bay. More than half of the remaining fish (58%) were no longer detected by the VR2 array after day 6 of the experiment. No fish were detected after July 17, 2006, thus setting an upper bound of 40 days for the fish Retention Time in the Array (RTA), i.e., the time elapsed between the first and last detection of fish in the FAD array.
Data analyses
Following the method used in previous acoustic telemetry studies on the behavior of fish at FADs (Ohta and Kakuma 2005 , Dagorn et al. 2007 , Taquet et al. 2007b ), we calculated the Continuous Residence Time (CRT) as the time during which a tagged fish was detected by an acoustic receiver without a gap between two acoustic detections superior to a defined Maximum Blanking Period (MBP). Therefore, the MBP corresponds to the maximum time during which a tagged fish is not detected by the receiver but still considered to be around the FAD. The choice for a value of the MBP depends on the tag specifications, and knowledge of the behavior of the fish, including the time scales. In the case of tuna, (Ohta and Kakuma 2005, Dagorn et al. 2007 ) previous studies adopted a MBP of 24 hours to observe the dynamics of tuna in large-scale arrays of FADs. In the present study, we chose a smaller value for the MBP (MBP=60 minutes) to adapt to the time scales involved in the behavior of the bigeye scad in the array of FADs in St. Paul's bay and to address the fine-scale behavior of the fish. Similarly, we defined a minimum residence time (MRT) that sets a lower bound for the residence times. This time corresponds to the path duration (estimated through a linear movement at a mean speed of 1 body length per second) that a fish needs, in average, to cross the region of detection of a VR2 without stopping. For the bigeye scad, we chose a MRT of 15 minutes.
The MRT enabled us to avoid the spurious effects of network anisotropy affecting residence times, which implies a higher probability of cutting residence times in FADdense regions. Using these parameters, we pooled the acoustic detections to extract behavioral information.
We then analyzed the fish behavior in our array using two main quantities: survival curves for residence times (Haccou and Meelis 1994) and the number of visits per FAD.
In the first part of the analysis (Fig. 2) , the number of visits per FAD was only calculated when the fish moved between two different FADs. This allowed us to compare the experimental data with the Monte Carlo simulations (see below), thus taking into account the transition probabilities reflecting the connectivity of the array. In the rest of the paper, we considered all of the possible visits, taking into account both the subsequent visits of fish at the same FAD and those resulting from the transitions among different FADs. A survival curve analysis of the residence times provided information on the probabilities of fish leaving a FAD (or a set of FADs) after a certain amount of time. A comparison among the survival curves was performed using the logrank test with the library survival of the R statistical programming language (R 2011) Finally, we characterized individual-fish behavior through the temporal ping paircorrelation among acoustic detections p(t), which is defined as:
where n(ti) is equal to 1 (0) when an acoustic detection is (not) present at time ti, and the double sum runs over all of the different pairs of detections. The delta function selects pairs of detections at a relative temporal distance in the interval [t, t+Δt] , with Δt=20 minutes and N being a normalization constant corresponding to the total number of pairs. This quantity was useful for detecting the possible emergence of temporal patterns in the behavior of individual fish.
Monte Carlo simulations
Monte Carlo runs were used to simulate the movement of 37 fish during 40 simulated days. The initial conditions were set following the experimental protocol, and the initial positions of the fish were set near the FAD closest to the experimental positions of release. On each day, we verified if the fish were staying or leaving the network according to an exponential probability of fish survival in the array, which was obtained from the fit of the experimental survival curve for the fish RTA (Fig. S1A in Supplementary Information). We then assigned to the "survived fish" a total number of daily visits sampled from the experimental distribution of the number of visits per day ( Fig. S1B in Supplementary Information). We simulated the fish dynamics using network-dependent transition probabilities. According to the connectivity of the FAD array, we then assigned different probabilities to inter-FAD movements (see Fig. S2 ).
Our network was comprised of a southern region with two FADs (A and B), a central FAD-dense region (C-H) and a northern region with one FAD (I). To take this spatial anisotropy into account, we assigned two types of movements to the nearest neighboring FADs: type-0 transitions corresponded to movements between neighboring FADs located within the same region of the array (southern, central and north); type-1 transitions were assigned to movements between remote neighboring FADs, i.e., movements between the neighboring southern and the northern FADs to the central region. Type-2 (Type-n) transitions corresponded to movements between nonneighboring FADs, having 1 (n-1) FAD(s) between them.
The transition probabilities for each type of movement were calculated by dividing the experimental frequency of occurrence of each category of movements by the total number of bonds of each type (see Table ST1 ).
Results
The Number of visits at different FADs and the comparison with Monte Carlo simulations
We calculated the number of visits involving transitions between two different FADs for all of the fish during the full period of observation and found a strong spatial variability, with one FAD (FAD H, Fig. 1 ) concentrating the majority of the visits (Fig. 2) . To test if the finite-size statistics and array-connectivity could affect our results, we compared our experimental data with the Monte Carlo simulations of fish displacement in the array.
For most of the FADs (A-E and I), the experimental values of the number of visits matched the simulated values within two standard deviations. However, the model was unable to reproduce the large discrepancies in the number of visits found in the central part of the network, which were nearly doubled around FAD H and highly depleted around FADs F and G.
Residence times per FAD
Analyzing the CRTs for all FADs and fish as a function of time, we found a strong temporal and spatial variability in the stay durations at the FADs (Fig. 3) . The period between day 1 and day 27 indicated a dominance in the residence times associated with FAD H. Nevertheless, during this period a lack of visits of unknown origin emerged between day 12 and 21. Therefore, to investigate the origin of the observed spatial heterogeneity, we concentrated on the initial period between days 1 and 11 for the rest of the analysis. This temporal window was characterized by a stable dominance of FAD H and concerned a large amount of fish.
We compared the amount of time spent by the fish at the different FADs, taking survival curves of the CRTs from days 1 to 11. The results provided clear evidence that FAD H was the dominant FAD. Indeed, the survival curves of the fish that stayed associated with FAD H showed longer residence times (Fig. 4) . The abrupt drop at approximately 12 hours was due to diel rhythms, as shown below. FAD D showed a mixed survival curve, with few long residence times recorded during the first days of the experiment.
The other FADs demonstrated shorter residence times and had similar survival curves (p-value = 0.059 for logrank test between FAD A, B, C, E, I)).
Day vs. Night behavior
To further characterize the dynamics of association with the FADs during the selected period of observation, we calculated the number of visits and the survival curves of the CRTs during daytime and nighttime between days 1 and 11. The visits were more uniformly distributed over the full array at nighttime than during daytime, and the total number of visits was more than 50% higher during the nighttime (143 visits during the nighttime versus 91 visits during daytime), suggesting that the nighttime was the period when the fish primarily explored the array (Fig. 5A) . The survival curves during the daytime and nighttime ( Fig 5B) were significantly different (p-value=0 with logrank test). Much longer stays were recorded during the day than during the night, which is consistent with the previous result. The survival curve of residence times during the daytime was significantly different when the CRTs at FAD H were excluded (p-value= 0.0002 with logrank test between survival curves at daytime with and without FAD H).
The difference between the survival curves during the daytime and nighttime was no more statistically significant at the 0.05 level than when the daytime stays at the FAD H where not taken into account (p-value= 0.084 with logrank test between survival curves at daytime and nighttime without FAD H).
Individual fish behavior
To see if these CRT patterns were common to all of the fish, we compared the time spent at FAD H relative to the total time spent at all the FADs among individuals. To avoid any bias due to fish leaving the network prematurely, we compared the fish that stayed in the network for at least 11 days.
Indeed, there was an individual variability in the associative behavior of fish (Fig. 6 ).
Three classes were established: "(non-) H-associative" fish for whose residence times at FAD H constituted the "(minority-) majority" of the total association time, and the "H- We then compared the survival curves of the residence times for these three classes of fish (see Fig. 7 ). We performed the comparison of survival curves with and without considering FAD H. There was obviously a difference in survival curves among the three categories of fish (p-value= 0.0004 with logrank test), with the H-associative fish having longer residence times. However, we found that without the contribution of FAD H, all classes showed the same survival curves (p-value= 0.284 with logrank test).
Finally, we took a deeper look at individual behavior using the temporal pair-correlation among acoustic detections p(t), which was calculated for FAD H and the other FADs.
Among the H-associative fish, four individuals showed a clear 24-hour periodicity when visiting the FADs. Remarkably, it was again FAD H that exhibited special properties because the periodicity was particularly marked for fish staying and visiting this FAD.
The fish visited FADs other than H, but with very short stays that were characterized by narrow peaks in p(t) (Fig. 8) .
In Fig. 9 , we quantified the exploratory behavior of the fish by taking the total number of different FADs visited by a given fish as a function of their association rate. Indeed, there was an increased tendency towards exploration for fish spending longer time at the FADs.
Discussion
Underwater observations have indicated that bigeye scads, when associated with a FAD, usually stay within a distance of approximately 50-100 m around it, a distance lower than the maximum range of detection of the VR2 (150 m). This was further confirmed by accurate HTI measurements (Capello et al 2011) . We were therefore confident in the capability of the VR2s to detect the association between a tagged fish and a FAD. The time scale resulting from the low value retained for MBP (60 min) allowed for a better understanding of the fine-scale dynamics of small-pelagic fish associated with FADs in the FAD array.
In our approach, spatial patterns emerged in the number of visits and the residence times of the fish, with a leading FAD concentrating most of the visits and long residence times during the 11-day study period.
Demonstrating the origin of spatial patterns through a field-based tagging experiment is difficult for many reasons. First, undersampling by itself could produce a nonhomogeneous distribution in the presence of a homogeneous system. This issue was crucial in the presence of the small number of tagged fish that showed exponentially decaying RTAs. However, the array connectivity could also induce heterogeneity in the number of visits per FAD. Indeed, the central region of the array concentrated a high density of FADs when compared to the southern and northern regions, where few FADs were present. To evaluate these issues, we ran Monte Carlo simulations that took into account the array connectivity and the experimental finite-size statistics. The fact that our experimental data were several standard deviations different from our model outputs demonstrated that the observed FAD variability was not the result of a simple consequence of finite-sample size, nor was it the result of simple considerations of the array connectivity.
Other possible explanations for the presence of spatial patterns were investigated through an analysis of fish behavior in the period corresponding to the first 11 days, where the largest number of fish was observed and the spatial patterns were stable. It appeared that the fish primarily explored the FAD array during the nighttime (visits were more numerous and more evenly distributed in space than during the daytime) whereas during the daytime, the fish tended to stay associated with the FADs. However, this diel pattern was not the only cause of residence time variability. Remarkably, FAD-H (the leading FAD) amplified these diel patterns and contributed to the majority of long stays during the daytime. To clarify the possible role of individual fish behavior, we then identified three main classes of fish according to the amount of time spent at FAD-H. We showed that the emergence of a leading FAD was not due to the spatial arrangement of individual fish having different tendencies towards association. Indeed, when removing the residence times recorded at FAD H, all of the fish demonstrated the same survival curves. These findings suggest that the observed spatial pattern was more the result of FAD-H (or its surrounding habitat and associated biomass, as discussed below) affecting fish behavior rather than the outcome of a class of individuals with higher associative character located around FAD H.
Three potential reasons could be proposed to explain the emergence of a leading FAD: the intrinsic characteristics of the FAD, the particular micro-habitat surrounding the FAD or social interactions. First, our FADs were not identical in structure, which precludes us from rejecting the first interpretation. Although FADs were more or less all anchored at similar depths, they were composed by different materials and had different shapes. However, we noted that the leading FAD changed from FAD H to FAD D during the course of the experiment (Fig. 3) . This finding could support an argument against the presence of spatial patterns due purely to the intrinsic characteristics of FAD H. These results should be confirmed by further experiments because the transition from leading FAD H to FAD D was observed at the end of the experiment, when few fish were present.
Indeed, because our overall conclusions are primarily based on small number of tagged individuals, they would deserve further investigation.
Secondly, the emergence of a leading FAD could also arise from a particular microhabitat around the FAD. It is likely that surrounding conditions such as temperature, current (speed and/or direction), turbidity, prey abundance and other factors were not identical around all of the FADs. Unfortunately, it was not possible to observe the local conditions during the experiment. This clearly emphasizes the need to monitor the physical and biological environment (including the abundance of conspecifics) around the FADs during tagging experiments. Automated equipment should be developed as a full monitoring tool, but it would be difficult to maintain over several days or weeks.
Finally, we observed that the ability of a fish to explore the FAD array increased with its association to FADs, which can be interpreted as evidence of the influence of social interactions on FAD election. Among the fish that were primarily associated with FAD H, some individuals additionally showed daily periodicity in their stays, with regular night excursions. This result could simply reflect different levels of fidelity to the array. However, the relationship between association and exploration could be important for understanding the full mechanisms leading fish to associate with FADs. One possible interpretation is that the social interactions at the leading FAD during the daytime could increase the efficiency of the searching behavior when the fish leave the FAD. This social enhancement effect (known as the "many-wrong principle"; Bergman and Donner 1964; Grunbaum 1998; Codling et al. 2007) 
